A B S T R A C T Analysis of multiple noninvasive tests offers the promise of more accurate diagnosis of coronary artery disease, but discordant test responses can occur frequently and, when observed, result in diagnostic uncertainty. Accordingly, 43 patients undergoing diagnostic coronary angiography were evaluated by noninvasive testing and the results subjected to analysis using Bayes' theorem of conditional probability. The procedures used included electrocardiographic stress testing for detection of exercise-induced ST segment depression, cardiokymographic stress testing for detection of exercise-induced precordial dyskinesis, myocardial perfusion scintigraphy for detection of exerciseinduced relative regional hypoperfusion, and cardiac fluoroscopy for detection of coronary artery calcification.
A B S T R A C T Analysis of multiple noninvasive tests offers the promise of more accurate diagnosis of coronary artery disease, but discordant test responses can occur frequently and, when observed, result in diagnostic uncertainty. Accordingly, 43 patients undergoing diagnostic coronary angiography were evaluated by noninvasive testing and the results subjected to analysis using Bayes' theorem of conditional probability. The procedures used included electrocardiographic stress testing for detection of exercise-induced ST segment depression, cardiokymographic stress testing for detection of exercise-induced precordial dyskinesis, myocardial perfusion scintigraphy for detection of exerciseinduced relative regional hypoperfusion, and cardiac fluoroscopy for detection of coronary artery calcification.
The probability for coronary artery disease was estimated by Bayes' theorem from each patient's age, sex, and symptom classification, and from the observed test responses. This analysis revealed a significant linear correlation between the predicted probability for coronary artery disease and the observed prevalence of angiographic disease over the entire range of probability from 0 to 100% (P < 0.001 by linear regression). The 12 patients without angiographic disease had a mean posttest likelihood of only 7.0+±2.6% despite the fact that 13 of the 60 historical and test responses were falsely "positive." In contrast, the mean posttest likelihood was 94.1±2.8% in the 31 patients with angiographic coronary artery disease, although 45 of the 155 historical and test responses were falsely "negative." In 8 of the 12 normal patients, the final posttest likelihood was under 10% and in 26 ofthe 31 coronary artery disease patients, it was over 90%. These estimates also correlated well with the pooled clinical judgment of five experienced cardiologists (P < 0.001 by linear re-
INTRODUCTION
The availability and clinical appeal of noninvasive techniques has led to their combined use in the diagnosis of coronary artery disease. These test combinations include electrocardiographic stress testing (1) (2) (3) , cardiac fluoroscopy (4-6), cardiokymography (7) (8) (9) , and thallium scintigraphy (10) (11) (12) . The rationale for a multiple test approach resides in the fact that the predictive accuracy of any one of these tests is quite low when applied to a population with low disease prevalence, whereas the accuracy of two or more tests is very high when all results are in agreement (6, 9, (12) (13) (14) (15) . However, the frequent occurrence of discordant test responses and the increased cost ofmultiple testing limit the ultimate usefulness of these formats.
Some investigators have suggested the use of Bayes' theorem of conditional probability to assist in the interpretation of discordant test results (16) (17) (18) (19) (20) (21) . This method of analysis provides an explicit statement of the statistical probability that a given patient has disease, rather than an inflexible categorical diagnosis ("normal" vs. "abnormal"). The advantage ofthe probabilistic approach is that it realistically expresses the degree of diagnostic uncertainty in a manner that is relevant to the clinical decision-making process and is readily understood by both the patient and the physician. In addition, its quantitative nature makes it ideally suited to analysis of cost-effectiveness, a major consideration of health care planners, providers, and patients alike (22) . A critical limitation of the approach, however, is that it has not been prospectively validated. The purpose of this study, therefore, was twofold. The first goal was to determine the validity of probability analysis as applied to noninvasive testing for coronary artery disease by comparing the calculated probability of disease with subsequent coronary angiographic results. The second was to develop and apply methods for analyzing both the cost-effectiveness and the diagnostic effectiveness of different test combinations used in the noninvasive diagnosis of coronary artery disease.
METHODS
Clinical classification. 43 consecutive patients tested in the Cedars-Sinai Medical Center Diagnostic Stress Laboratory who subsequently underwent diagnostic coronary angiography were studied. The patients were all referred by their primary care physician for noninvasive diagnostic testing. The decision for subsequent coronary angiography was made by this same physician, presumably on the basis ofhis interpretation of the test responses and clinical history. The study population ranged in age from 37 to 69 yr, and 81% of the group were males. Patients currently taking digitalis preparations and those with coronary artery disease previously established by a documented history of myocardial infarction were excluded from the study. All studies were performed in the fasting state and all cardiac medications were discontinued at least 24 h before study. Before testing, each patient was assigned to one of four clinical groups on the basis of three characteristics oftheir presenting symptoms as determined by the examining physician, an experienced cardiologist. These characteristics related to the substernal location, exertional precipitation, and prompt relief of chest pain. The four groups were defined as follows: (a) typical angina (TA), patients with substemal chest discomfort precipitated by exertion, and relieved by rest or nitroglycerin within 10 min (17 patients); (b) atypical angina (AA), patients in whom only two of these three factors were present (6 patients); (c) nonanginal pain (NA), patients in whom only one of the characteristics was present (13 patients); and (d) asymptomatic (AS), patients without discomfort (7 patients).
The age, sex, and symptom groups were then used to classify each patient before diagnostic testing into 1 of 32 subsets associated with a specific likelihood for significant angiographic coronary artery disease. These "pretest likelihoods," which are based upon a previously published review of 28,948 patients in the medical literature (21) , are listed in Table I .
Testing protocol. A resting 12-lead electrocardiogram was obtained in the upright and supine positions and during voluntary hyperventilation using a computerized Case Marquette ECG recording system. Cardiokymography (CKG)1 was performed in the supine position over the V3 precordial line between the fourth and fifth intercostal space, using a 5-cm capacitive transducer (9) 
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Data reduction. The exercise-induced magnitude of horizontal or downsloping ST segment depression was measured relative to the PR segment, in millimeters (=0.1 mV), for each lead in both the exercise and recovery tracings. The maximum magnitude of ST segment displacement at 0.08 s after the J point was expressed in 0.5 mm increments and the result assigned to one of six mutually exclusive ranges: <0.5, 0.5-0.9, 1.0-1.4, 1.5-1.9, 2.0-2.4,-2.5 mm.
The postexercise CKG tracings were reviewed for the development of exercise-induced outward motion referenced to the period of systolic ejection, defined from the delay-corrected upstroke of the simultaneously recorded indirect carotid pulse tracing to the first high frequency component of the phonocardiographic second heart sound. There were three mutually exclusive CKG interpretations, based upon movement of the tracing during the systolic ejection period. Outward systolic motion was termed "holosystolic" if not preceded by inward motion during ejection, and was termed "midsystolic" if its magnitude was >50% of the preceding inward motion. Systolic motion was otherwise termed "normal" (9) .
Cardiac fluoroscopy was analyzed subjectively in real time for the presence of calcification in the left main/left anterior descending, left circumflex, and right coronary artery distributions.
The unenhanced exercise and redistribution scintigraphic images were analyzed visually by an experienced reader. One of three interpretations was given. Regional hypoperfusion was considered "fixed" if it remained visably unchanged over the 4-h period of redistribution, and was termed "reversible" if visible improvement in relative perfusion was observed. Uniform distribution of radioactivity after exercise and redistribution was considered normal. Eo= EoIE,.
The second method for assessing diagnostic test effectiveness was by determination of the information content (I) for each test combination from the literature pooled data in Table  II . As defined by Shannon (24) , information content provides a quantitative means of expressing the change in one's uncertainty concerning the probability of an event in respect to its a priori (pretest) likelihood and its a posteriori (posttest) likelihood (25, 26) . This relationship may be stated in terms of the true and false rates of the tests used to assess the probability of the event. Thereby, this theorem expresses the reduction in uncertainty (i.e., addition of information) as a consequence of performing a test:
The subscript i represents each of all possible disease states (in this case, D+ and D-). The derivation of this equation and its associated variance is outlined in the Appendix. A more complete discussion of information theory and formal mathematical proof of its theorems are available from several sources (24, 27) .
Since information content is dependent upon prevalence, its integrated average (I) relative to coronary angiography was used for comparisons between test combinations (see Apdendix). Because I was determined from the literature, and not the study data, it was termed "predicted effectiveness."
Cost-effectiveness. The cost (C) of each test combination used in this study was determined as the prevailing monetary cost for the test divided by the prevailing monetary cost of coronary angiography (laboratory fee plus physician fee plus 2 d semi-private hospitalization). The ratio of cost to predicted effectiveness, C/I, was termed "cost-effectiveness." This definition of cost is distinguished from that used for "utility" analysis which considers additional nonmonetary factors such as the psychological "cost" of a therapeutic complication.
Statistical analysis. Statistical variances were calculated by methods described in the Appendix and differences in variance among the test combinations were assessed using Bartlett's test for homogeneity. Pooled variances were calculated by weighting the individual variances for differences in degrees of freedom. Two-sided 95% confidence intervals were determined from the t distribution (a = 0.025).
RESULTS
There were 12 patients without significant angiographic coronary artery disease, 4 of whom had angina (group TA or AA), and 31 patients with angiographic coronary artery disease, 12 of whom did not have angina (group NA or AS). In only 10 of the 43 patients (23%) were the pretest symptom class and all four subsequent test results concordant. Fig. 1 illustrates the average pretest likelihood (based on age, sex, and symptom class) compared with the average posttest likelihood (based on all four test procedures) for each of four groups defined by the number of vessels with >50% Diam narrowing at angiography. There was a significant relationship between the extent of angiographic disease, so defined, and the calculated likelihood of disease based on historical and noninvasive test data. In the 12 patients without disease, the average likelihood fell from a pretest level of 24.7±8.2% to 7.0±2.6% (P < 0.01, paired t test), even though 13 The relationship between each decile of likelihood determined by noninvasive analysis and the subsequent prevalence of disease at coronary angiography, normalized for differences in size between the two groups, is illustrated in Fig. 3 . A highly significant (P < 0.001, chi-square minimization and linear regression) relationship between calculated posttest likelihood and angiographic disease frequency was observed, ranging from a frequency of angiographic disease of 6 Information content ofdiagnostic testing. Although a probability statement has certain advantages as a method for expressing test results, clinical decisions based upon the test results are often binary rather than probabilistic (e.g., Should angiography now be performed? Yes or no-not 65% yes vs. 35% no.). The receiveroperating characteristic (ROC) curve (25, 28, 29) allows analysis of the magnitude of error associated with a binary judgment about the presence of disease as a function of the level of posttest likelihood. The ROC curve for this data base is illustrated in Fig. 4 (Fig. 9) . Accordingly, the average 
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estimate of the five cardiologists was substantially superior to that of any one individual (Fig. 10) circumstances, even cardiologists specializing in the field of stress testing, and with considerable knowledge of the relevant literature, experience difficulty in estimating the diagnostic probability of disease. When such estimates are inaccurate, subsequent clinical decisions may be inappropriately founded. The second problem created by the emergence of multiple testing relates to cost-effectiveness. This point has been emphasized by Adelstein and McNeil (34) in reference to the diagnosis of pulmonary embolus, wherein they state that such an approach ". . will surely increase the costs . . . regardless of how much it may improve accuracy." Although the goal of improving diagnostic effectiveness and simultaneously reducing cost has emerged as a major issue in medical practice, the lack of objective methods for cost-effectiveness comparisons has become increasingly apparent (22) .
One method by which such a large amount of potentially conflicting information may be processed is through probability analysis. A Advantages of probability analysis. The primary conclusion of this study is that the use of probability analysis contributes significantly toward solution of both problems associated with diagnostic testing, as alluded to above. First, these probability estimates correlated well with both angiographic prevalence and with experienced clinical judgment, despite frequently discordant test responses.
Second, probability analysis allows meaningful quantitation of the effectiveness of a given test or test combination relative to a defined standard such as coronary angiography by use of well established concepts embodied in the discipline of information theory.
The usefulness of this application may be best appreciated by an example. The effectiveness of a test is customarily expressed in relation to its "sensitivity" (true positive rate), its "specificity" (1 -false positive rate), and the "likelihood ratio" (true positive rate/false positive rate) (20, 28 of diagnostic effectiveness. In the example above, although the likelihood ratio is 51 for the first test and only 7 for the second, their average information content is identical.
Limitations of probability analysis. Probability analysis has several potential and real limitations. The first relates to the assessment of likelihood before testing, and the use of specific true and false positive rates. In this study, factors of known importance (age, sex, and symptoms) were weighted according to published experience in the medical literature. Each of these estimates must be presumed to contain an element of unknown bias. We believe, however, that this limitation was minimized in the study design by use of estimates derived from the pooled experience of many investigators (36) .
A second potential limitation to use of probability analysis is that there may be conditions other than coronary artery disease that cause more than one test result to be positive. This phenomenon of "dependence" should not materially influence serial application of Bayes' theorem, however, as long as the number of procedures employed is not large (37) . Moreover Clearly, this approach represents a simplification of a more complex decision matrix because the physician often desires information beyond that related solely to the presence or absence of disease. The determination of functional exercise capacity, or the localization of disease to a specific anatomic region by fluoroscopy or perfusion scintigraphy, might be the primary reason for obtaining the test in certain individuals. Nevertheless, we believe it is reasonable to initiate such an analysis on the assumption that at least one goal of diagnostic testing is diagnosis itself. Although it is evident that the data base in this study is too limited to support the recommendation of any particular test combination at present, we believe that the concepts and analytic methods employed herein provide a basis for the future development of cost-effective formats for noninvasive testing, a growing concern of all involved in the health care system (22, 38, 39) .
In summary, this study suggests that analysis of conditional probability provides an accurate, explicit means for the interpretation of mutltiple, even discordant, test responses relative to the diagnosis of angiographic coronary artery disease. The format is applicable to a wide spectrum of patients ranging from the asymptomatic to those with typical angina pectoris. The results of such analysis, which can be obtained in seconds using any of many available "personal computers" by technicians in the test facility, can be used by the physician as an aid to diagnosis and medical decision making. Because Diamond et al.
as Di and the prior probability or frequency of occurrence by p(DA), then a priori uncertainty, expressed in binary digits or bits, is given by:
U pre = -I p(Di) log2 p(Di).
Calculation ofvariances. The variances of the three probabilities p(D+), p(Tj1D+), and p(Tj1D-) were determined The average information content of the test is represented by the area under the information curve, given by integration of Eq. 3 with respect to p(D+) over the inverval 0 to 1 (for simplicity of notation we will substitute P for p[D+]):
If a test were perfect, then Up,, = 0 and I = U,. "Maximum average information content" is thereby defined, according to Eq. 1 and Eq. 6:
(1 2 Imax =-| Ep(Di) 1092p(DjP = l = 0.721. (7) "Relative information content" is then expressed as the ratio of Eq. 6 to Eq. \0A /cl0B / P,
We may evaluate these partials by substituting Eq. 4 into Eq. Similarly, the variance of I is given as the integrated average variance of I over the entire range of P: cn2= ',2dP. (14) Conditional Probability Analysis and Coronary Artery Disease 1219
